Dynamical supersymmetry breaking is considered in models which admit descriptions in terms of electric, confined, or magnetic degrees of freedom in various limits. In this way, a variety of seemingly different theories which break supersymmetry are actually interrelated by confinement or duality. Specific examples are given in which there are two dual descriptions of the supersymmetry breaking ground state.
Introduction
Recent advances have shown that supersymmetric gauge theories can often appear in the infrared as other theories, with different gauge groups and matter content [1] . This is the phenomenon of electric-magnetic duality generalized to non-Abelian theories. One possibility is that two or more gauge theories, which differ in the ultraviolet, can flow in the infrared to the same interacting fixed point of the renormalization group. The fixed point theory is in an interacting non-Abelian Coulomb phase which can be described in terms of any of the "dual" ultraviolet theories. Another possibility is that an ultraviolet theory can flow to another gauge theory which is not asymptotically free. The infrared theory is in a free magnetic phase, with weakly coupled magnetic quarks and gluons. Another possibility is that the ultraviolet gauge theory flows to a Wess-Zumino model without gauge interactions [2] . The infrared theory is described in terms of confined fields with tree level interactions. A review of recent work in supersymmetric gauge theories and a list of references is given in [3] . In this paper we study chiral gauge theories in which dynamical supersymmetry breaking admits descriptions in terms of electric, magnetic, or confined degrees of freedom in various limits. The mechanism by which supersymmetry is broken in these theories is a dynamically generated superpotential.
Non-perturbative gauge dynamics can spontaneously break supersymmetry, a phenomenon which can be useful for constructing models with natural hierarchies of scales. It is of interest to see how dynamical supersymmetry breaking is compatible with duality. In one sense, the fact that there are dual descriptions of supersymmetry breaking is actually standard, though perhaps somewhat trivial. Any theory which breaks supersymmetry dynamically with a mass gap is dual in the far infrared to any trivial theory with the same (discrete) vacuum structure. Alternately, if there are gapless excitations in the ground state, such as a U (1) R axion or massless fermions required for anomaly cancelation, the theory is dual in the far infrared to a non-supersymmetric non-linear sigma model. Here we will explore slightly less trivial notions of dual and confined descriptions, relating supersymmetry breaking in gauge theories to that in other gauge theories. In order to make use of supersymmetric dualities and confinement we consider models with (at least) two well separated dynamical scales, Λ H ≫ Λ L , with supersymmetry broken at or below the scale Λ L . In this way there is region of momenta below Λ H , but above the supersymmetry breaking scale, in which supersymmetry is realized linearly. The effective action is manifestly supersymmetric in this region, and the powerful constraints of supersymmetry may be implemented.
Below the scale Λ H , the theories considered here flow towards an interacting fixed point, free magnetic, or confined phase. At the scale Λ L additional strong dynamics break supersymmetry in the effective low energy theory. In the case of a non-Abelian Coulomb phase, the theory never reaches the fixed point at the origin of moduli space since supersymmetry is broken in the ground state. Duality is exact only at the fixed point, but should apply to the light degrees of freedom in the neighborhood of the fixed point.
There can therefore be simultaneous dual descriptions of the supersymmetry breaking in the ground state. In the case of a free magnetic or confined phase there is only one weakly coupled description of the theory below the scale Λ H . The magnetic or confined description can however be continuously connected to an electric description of the supersymmetry breaking by adjusting the parameters of the theory so that Λ H → 0 holding Λ L fixed.
Applications of duality and confinement to supersymmetry breaking are useful for a number of reasons [4] . As a function of the ultraviolet parameters of a theory, the relevant degrees of freedom in the ground state are in some instances confined or magnetic fields with a different gauge group, rather than the underlying electric fields and ultraviolet gauge group. Duality or confinement is therefore required in order to give a proper description of the supersymmetry breaking in these circumstances. In addition, since duality or confinement in general gives a different low energy description of the supersymmetry breaking, it acts as a generator for other models of supersymmetry breaking in which the magnetic or confined fields are re-interpreted as electric fields in the ultraviolet. Finally, it is possible that theories which break supersymmetry by the "classic" mechanism of a dynamically generated superpotential over a classical moduli space are related by duality or confinement to models which break supersymmetry by another mechanism. This technique was employed in Ref. [5] to illustrate a model which breaks supersymmetry in one limit by a dynamically generated superpotential in one gauge group, and in another limit by the quantum deformation of the moduli space due to another gauge group.
In the next section we illustrate confinement and duality in a class of simple renormalizable chiral models which break supersymmetry based on the gauge group SU (N )×SU (2). These models are related by confinement or duality to the SU (N ) models of Affleck, Dine, and Seiberg [6] . Some of the models are near a non-Abelian Coulomb phase and admit simultaneous dual descriptions of the supersymmetry breaking ground state. Others are in a free magnetic, free electric, or confined phase and only admit one weakly coupled de-scription of the ground state. For these models it is possible to check the scaling of physical quantities such as the vacuum energy, and verify explicitly that the weakly coupled electric and magnetic or confined descriptions do not have overlapping regions of applicability.
All these models break supersymmetry by a dynamically generated superpotential in the electric, confined, and magnetic descriptions, and relate generalizations of known models.
In section four we discuss generalizations, and comment on connections between models of supersymmetry breaking. In an Appendix we outline non-renormalizable chiral models based on the gauge group SU (N ) × SP (M ) which generalize the SU (N ) × SU (2) models.
Supersymmetry Breaking by a Dynamical Superpotential
Perhaps the simplest renormalizable chiral model of dynamical supersymmetry breaking with two gauge groups is the SU (3) × SU (2) model of Affleck, Dine, and Seiberg [6] .
In Ref. [5] we showed that in a limit where the SU (2) dynamics dominates, this model breaks supersymmetry by the quantum deformation of the classical moduli space. In this section we consider SU (N ) × SU (2) generalizations of this model, and show that in a limit where the SU (2) dynamics dominates, the theories are either confined, near a non-Abelian Coulomb phase, or free magnetic phase, with gauge group SU (N ) × SP ( (N − 5)) and different matter representations. In all these descriptions, supersymmetry is broken by the dynamically generated SU (N ) superpotential which lifts the moduli space.
The matter content of the models is
with N odd. Classically there is a moduli space of vacua parameterized by the invariants Z = P 2 U D, X 1 = P LD, and X 2 = P LU, with the gauge group generically broken to
There is another gauge invariant, Y = P N L, which vanishes classically by Bose statistics of the underlying fields. At tree level there is a single renormalizable coupling which can be added to the superpotential,
This superpotential leaves invariant non-anomalous U (1) R and U (1) flavor symmetries, and completely lifts the classical moduli space. Classically there is a supersymmetric ground state at the origin.
Quantum mechanically, the non-perturbative SU (N ) dynamics lifts the classical supersymmetric ground state Z = X i = 0, and both the U (1) R and supersymmetry are spontaneously broken. It follows from the U (1) R and U (1) flavor symmetries that the SU (2) dynamics do not lift the moduli space. As discussed in the following subsections, even though only the SU (N ) dynamics lifts the moduli space, the low energy description of supersymmetry breaking in the ground state depends on the relative importance of the SU (N ) and SU (2) non-perturbative dynamics. This is because extra confined or magnetic degrees of freedom associated with the SU (2) can become light near the origin.
Electric Description
If the SU (2) is weakly gauged in the ground state, any concomitant non-perturbative effects may be ignored, and the SU (2) may be treated classically. The exact superpotential over the classical moduli space is then given by
The dynamical part of this superpotential is due to gaugino condensation in the unbroken
For λ ≪ 1, the vacuum expectation values in the ground state are close to the classical moduli space, and large compared to Λ N . In this weak coupling limit, the relevant degrees of freedom in the ground state are just the classical moduli, which parameterize the projection of the elementary electric fields onto the classical moduli space. Parametrically, for λ ≪ 1, the field expectation values and vacuum energy scale
In order for this approximation to be valid, the non-perturbative SU (2) dynamics must be unimportant at the scale of the expectation values. For N ≤ 9, the SU (2) is asymptotically free and the requirement of weak coupling amounts to Λ N ≫ λ (N−2)/(3N−2) Λ 2 , with Λ 2 the scale of the SU (2).
For N ≥ 11, the SU (2) is not asymptotically free, and weak coupling in the ground state
In these limits, the SU (2) acts as a spectator in the nonperturbative SU (N ) dynamics which breaks supersymmetry. Its only role is to provide a classical gauge potential which lifts certain directions in field space. In the following subsections we consider the limits in which the SU (2) dynamics is important.
Confined Description
If the SU (2) is strongly coupled in the ground state, its non-perturbative dynamics can not be ignored. For N = 5, in the limit Λ 2 ≫ Λ 5 , the SU (5) is weakly gauged at the scale Λ 2 and may be treated as a weakly gauged subgroup of an SU (6) F flavor symmetry under which P and L are not distinguished. The SU (2) theory therefore has three flavors (six ) and confines as in Ref. [2] . The resulting confined theory is SU (5) with matter given by
of SU (5) (throughout hatted fields represent canonically normalized confined degrees of freedom). For expectation values much less than Λ 2 these fields, along withŪ andD, make up the canonically normalized degrees of freedom, as evidenced by the t' Hooft anomaly matching conditions [2] . In the absence of the electric tree level superpotential (2.2), the moduli space of the low energy confined theory is parameterized by
. This superpotential ensures that the moduli space of the confined theory agrees with that of the high energy electric theory [2] . In particular, just as in the electric theory, the gauge group is generically broken to SU (3) ⊂ SU (5) on the moduli space of the theory with
The scale Λ 5 of the low energy theory is related to Λ 5 by the matching relation 
The first term is generated by gaugino condensation in an unbroken SU (2) ⊂ SU (3) ⊂ SU (5), as can be verified by using the matching condition and substituting the invariants of the low energy theory. The second term is the confining superpotential,
which is a Yukawa coupling in the low energy theory. The final term is the confined operator corresponding to the electric tree level superpotential (2.2), and gives a Dirac mass m = λΛ 2 to the pair F and D in the effective theory.
For λΛ 2 ≫ Λ 5 , the Dirac pair F D may be integrated out of the effective theory. The remaining matter fields are U ∈ and A ∈ of SU (5). This is the original (non-calculable) model of dynamical supersymmetry breaking given by Affleck, Dine, and Seiberg [7] . This theory has a U (1) R symmetry and a classical supersymmetric ground state at the origin. This is is presumably lifted by the SU (5) non-perturbative effects, with supersymmetry broken, as argued in [7, 8] . Although this theory does not have a weak coupling limit, the expectation values in the ground state are presumably φ ∼ Λ 5 and V ∼ Λ Seiberg theory with an extra flavor, which was studied (as an electric theory) in Ref. [9] .
In the present context, because of the large confining Yukawa coupling However, the physical interpretation of the effective superpotential is not the same as in the electric description, since the canonically normalized degrees of freedom are different.
The position of the ground state in the confined theory is then determined by a balance in the superpotential (2.4) between the scale dependence of the gaugino condensate and the Dirac mass term. Parametrically, for λΛ 2 ≪ Λ 5 , the field expectation values and vacuum energy scale as φ ∼ (Λ
In order for this weakly coupled confined description to be the relevant one, the expectation values in the ground state must be much smaller than the confinement scale Λ 2 . This requires Λ 5 ≪ λ 3/13 Λ 2 , which is the opposite limit for applicability of the weak coupling electric description discussed in the previous subsection.
Dual Descriptions
For N = 7 and 9, in the limit Λ 2 ≫ Λ N , the SU (N ) is weakly gauged at the scale Λ 2 and may be treated as a weakly gauged subgroup of an SU (N + 1) F flavor symmetry under which P and L are not distinguished. The SU (2) theory therefore has flavors (N + 1 ) and flows in the infrared towards an interacting fixed point in a non-
is strongly coupled in the ground state and near the fixed point. In the region of the fixed point there are two dual descriptions of the interacting theory, either of which may be used to describe the low energy theory [1] . As discussed in the introduction, duality has only been conjectured for interacting theories precisely at a fixed point. However, if the dual descriptions make sense physically, they should apply in a neighborhood of the fixed point. One of the strongly coupled descriptions is in terms of the original electric fields and gauge group (2.1).
The dual magnetic description for N = 7 and 9 has gauge group SU (N )× SP ( with matter content
(2.5)
The dual descriptions are just the Affleck, Dine Seiberg SU (N ) theories with an and N − 4 [6] , with the maximal SP ( 
V = A P P , and R = F P L subject to the dual tree level superpotential
This superpotential, along with the non-perturbative dual gauge dynamics discussed below, ensure that the moduli space of the dual theory coincides with the classical moduli space of the electric theory [1] . Just as in the electric theory, the gauge group is generically broken to SU (N − 2) ⊂ SU (N ) on the dual moduli space. It should be noted that because of D-term constraints, the dual quarks can not gain an expectation value on the moduli space.
The exact superpotential over the dual moduli space is given by
The first term arises from gaugino condensation in an unbroken SU (2) ⊂ SU (N − 2) ⊂ SU (N ). The terms W tree = A P P + F P L are Yukawa couplings in the dual theory. For Y = 0 the dual quarks gain a mass from these terms. Gaugino condensation in the dual SP ( 
Free Magnetic Description of Another Theory
For N ≥ 11 the SU (2) is not asymptotically free. In this case the theory becomes strongly coupled at short distances and the degrees of freedom (2.1) can not be the relevant ones in the far ultraviolet. The question then naturally arises as to whether the theory (2.1) for N ≥ 11 can be interpreted as an effective weakly coupled magnetic description of another "electric" theory which is asymptotically free. A class of electric theories which are asymptotically free and have (2.1) as a free magnetic phase are
for N odd. These theories have the same matter content as the dual theories in the previous subsection with the extra SU (N ) flavor removed.
In order to write the gauge invariants of this theory it is useful to define V αβ = AP α P β , and Q α = AP α U , where α, β are SP (M ) indices. The classical moduli space is then parameterized by V k and QV k−1 L, k = 1, . . . , [6]. In order for this approximation to be valid, the SP ( SP at the scale Λ SP . In the absence of the electric tree level superpotential (2.9), the moduli space of the free magnetic theory is parameterized by Z = P 2 U D, X 1 = P LD, X 2 = P LU , V = A P P , and V = AA, subject to the dual tree level superpotential
This superpotential, along with the non-perturbative SU (2) dynamics ensures that the moduli space of the free magnetic theory coincides with classical moduli space of the electric theory. With the electric tree level superpotential (2.9), the full tree level superpotential in the magnetic theory is
It follows from symmetries, holomorphy, and limits that there are no additional contributions to the magnetic tree level superpotential. The final term is a Dirac mass m = λΛ SP for the pair A and A. For λΛ SP ≫ Λ SU the Dirac pair is much heavier than the dynamical scale in the free magnetic theory and may be integrated out. Below the scale λΛ SU , the effective magnetic theory is then given by (2.1) with superpotential (2.3) and matching
. In this limit we therefore see that the free magnetic description of (2.8) is precisely the SU (N ) × SU (2) 
Generalizations
There are many generalizations of the applications of duality and confinement to supersymmetry breaking introduced here and in [4] . A direct generalization of the SU (N )× SU (2) models are SU (N ) × SP (M ) models discussed in the Appendix. Generalizations to other product gauge groups with similar matter content are straightforward.
Most known models of dynamical supersymmetry breaking can be obtained from SU (N ) with A ∈ and N − 4 fields ∈ by reducing the SU (N ) to product gauge groups [10] . This can be accomplished in a full theory with the addition of vector like matter to spontaneously break the original gauge group to a product. The addition of vector matter can not affect supersymmetry breaking in the full theory. Consider the case of adding an adjoint, Φ, with general renormalizable superpotential
For large m, this theory has, in addition to the original SU (N ) theory at Φ = 0, a variety of disconnected vacua with low energy effective theories given by 2) with N = n 1 + n 2 odd. Due to the massless charged matter, the U (1) has no interesting dynamics. The classical U (1) D-terms are however crucial in some instances in lifting certain directions in field space [10, 11] . Starting from (3.2) with n 1 = 3, n 2 = 2 results in the SU (3) × SU (2) × U (1) model. For some models it is possible to simply ignore the U (1) and remove some matter from (3.2) to obtain an effective theory which breaks supersymmetry, although this is not gauranteed [10] . Starting with n 2 = 2, ignoring the U (1), removing both A 1 and A 2 , and (n 1 + n 2 − 6) Q i , and (n 1 + n 2 − 5) Q ′ i gives the SU (N ) × SU (2) models. Ignoring the U (1), removing A 1 and A 2 , and (n 1 − 4) Q i , and [12] . As another possibility consider adding an flavor of Ω and Ω ∈ and with the (non-renormalizable) superpotential
For large m, this theory yields a variety of disconnected vacua with low energy theories 4) with N = n 0 + 2n 1 . The field A 1 can be given a mass by adding a term W = A 2 Ω
Conclusions
Identifying the relevant low energy degrees of freedom in models of supersymmetry breaking is important in giving a proper description of the ground state. The simplest example is for weakly coupled theories with a single dynamical scale which break supersymmetry by a dynamically generated superpotential. The ground state sits near the classical moduli space and the relevant degrees of freedom are the classical moduli fields.
In addition, the relevant non-perturbative superpotential in this limit is the exact superpotential over the classical moduli space. As demonstrated here, if the ground state sits at strong coupling near the origin of moduli space, additional light non-perturbative degrees of freedom can be relevant to the low energy description of supersymmetry breaking. In fact for theories with multiple dynamical scales it is quite likely that some of the low energy degrees of freedom are confined or magnetic.
If the strong dynamics is confining or in a free magnetic phase a weak coupling descrip- models. Alternately, a small dimensionless parameter can appear in a renormalizable low energy theory if the underlying electric theory is non-renormalizable.
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The SU (N ) × SU (2) models of section 2 may be generalized to SU (N ) × SP (M ) models with matter content
with N odd. For any N and M , a superpotential is generated by one (and only one) of the two gauge groups: for M ≤ were discussed in Ref. [5] . The models with M ≤ 
completely lifts the moduli space [10, 5] . Classically there is a supersymmetric ground state at the origin. Quantum mechanically the non-perturbative SU (N ) dynamics lifts the classical supersymmetric ground state and supersymmetry is broken. As with the SU (N ) × SU (2) models, the relevant description of the supersymmetry breaking ground state depends on the relative importance of the SU (N ) and SP (M ) non-perturbative dynamics.
In order to have a weakly coupled regime below the scale of the non-renormalizable operators which appear in (A.2), we assume that γ ij ≪ Λ For 2M + 3 ≤ N < 6M + 5 the SP (M ) theory is asymptotically free and can be dualized as in [1, 13] to the theory For N ≥ 6M + 5, (A.1) is not asymptotically free but can be interpreted as the low energy description of the asymptotically free theory 
